A method was developed for the determination of trace amounts of acrylamide (AA) in foods. The method includes the addition of 13 C-labeled acrylamide-1-13 C (AA-1-13 C) as an internal standard, extraction with water, bromination, clean-up with a Florisil cartridge column, dehydrobromination and GC/MS analysis in the selected ion monitoring (SIM) mode. Bromination of AA to 2,3-dibromopropionamide (2,3-DBPA) was done using potassium bromide and potassium bromate under an acidic condition. 2,3-DBPA was converted to 2-bromopropenamide (2-BPA) by dehydrobromination with triethylamine before GC/MS analysis. The recoveries of AA from spiked potato chips, corn snack, pretzel and roasted tea were 97ῌ105ῌ, and their relative standard deviations were 0.8ῌ3.9ῌ. The detection limit of AA in foods was 9 ng/g. The method was applied to thirty-one foods purchased from retail markets. AA was found in potato chips at the level of 466ῌ3,340 ng/g, and in other foods at the level of NDῌ520 ng/g.
Introduction
In April 2002, researchers from the Swedish National Food Administration (NFA) and the University of Stockholm announced their findings that acrylamide (AA), a neurotoxic and probably cancer-causing chemical, had been detected at elevated levels in various types of foods, such as potato chips, French fries, cookies, cereals and bread prepared or cooked at a high temperature῍ 1 . Confirmatory findings were reported from Norway, Switzerland, the United Kingdom and the United States in the Joint FAO/WHO Expert Consultation on the Health Implications of Acrylamide in Foods held in June 2002῍ 2 .
AA is a chemical used for the synthesis of polyacrylamide. Because a small amount of AA is included in the polyacrylamide used in water purification plants, a quality standard for AA in tap water is set in Japan and by the WHO. Therefore many studies have been reported on AA analysis in the water, but there have been only a few reports on AA analysis in foods 1)ῌ7) . In a recent report, low levels of AA were determined by LC/MS/MS 7) without derivatization procedures. In most cases, however, AA is determined by GC/ECD or GC/MS after bromination.
Saturated bromine water 2), 3), 5), 6), 8) or potassium bromide-potassium bromate 1), 4), 9), 10) is used for the bromination of AA. The ῍ 1 http://www.slv.se/ ῍ 2 http://www.who.int/inf/en/pr-2002-51.html latter reagent is suitable for routine work, because bromine is formed from KBr and KBrO 3 under an acidic condition in the sealed vessel, and so it is not necessary to deal directly with bromine. In these procedures, 2,3-dibromopropionamide (2,3-DBPA) is formed by the bromination of AA. However, 2,3-DBPA is unstable in GC analysis, and it decomposes to a more stable derivative, 2-bromopropenamide (2-BPA), at the injection port or on the column during GC analysis 10), 11) . Since the decomposition yield is not constant, Andrawes et al. 11) reported on the determination of AA after converting 2,3-DBPA to 2-BPA by the addition of triethylamine to the test solution before GC analysis.
In the present study, we analyzed AA by GC/MS after bromination with KBrῌKBrO 3 and conversion to 2-BPA by triethylamine. However, it was reported that the bromination yield of AA by this method was about 60ῌ 12) and AA spiked into agricultural products disappeared during the homogenization process 5) . Also, in our preliminary study, the bromination yield of AA in food samples showed poor reproducibility. Therefore, we used 13 C-labeled AA as an internal standard and could improve the precision of the analytical method. The improved method was applied to thirty-one commercial food samples purchased from retail markets. Some samples contained over 1,000 ng/g AA.
Materials and Methods

Samples
Food samples were purchased from retail markets in Tokyo from May to July 2002. The solid samples were homogenized (powdered samples were used as purchased) and stored at ῌ20῎ until analysis. Bread was separated into the crust and the rest, and analyzed as each part and as whole bread. Batter coatings were analyzed for tempura samples, and bread-crumb coatings were analyzed for croquette and deep-fried squid samples.
Reagents
Standards: acrylamide (Kanto Chemical Co., Inc., Tokyo, Japan) for electrophoresis, purity 99.9῏ and acrylamide-1-13 C (AA-1-13 C) (CDN Isotopes Inc., Pointe-Claire, Canada), 99 atom῏ 13 C.
Stock standard solutions (1,000 mg/L): 10 mg of AA or AA-1-13 C was exactly measured in a 10 mL brown glass volumetric flask and made up to 10 mL with water. The stock solution was stored in a refrigerator at 4῎. Each stock solution was appropriately diluted with water to prepare the respective standard solutions.
Florisil cartridge column: Sep-Pak ῍ Plus Florisil ῍ (Waters Co., Milford, MA, USA) Water: tap water was passed through an ion exchange resin and distilled twice in an all-glass unit.
All other reagents and solvents used for the analysis of acrylamide were of JIS special grade or pesticide residue analysis grade. 0.1 mol/L Potassium bromate solution: 1.67 g of KBrO 3 (JIS special grade reagent, Wako) was dissolved in water and made up to 100 mL.
1 mol/L Sodium thiosulfate solution: 24.82 g of Na 2 S 2 O 3 ῌ5H 2 O (JIS special grade reagent, Wako) was dissolved in water and made up to 100 mL.
Apparatus
Gas chromatograph/mass spectrometer: Hewlett Packard (Little Falls, DE, USA) model HP5890 Series II gas chromatograph equipped with a model HP7673 autosampler and coupled with a model HP5972 mass selective detector.
Homogenizer: Polytron ῍ (Kinematica AG, Littau, Switzerland)
Centrifugal concentrator: Speedvac ESC-2000 (Savant Instrument Inc., Farmingdale, NY, USA)
GC/MS analysis
Analytical column: DB-WAX capillary column (30 m ῍0.25 mm i.d., 0.25 mm film thickness, J & W Scientific, Folsom, CA, USA) connected to a deactivated fusedsilica guard column (2 m῍0.25 mm i.d., J & W Scientific)
The operating parameters for GC/MS were as follows: oven temp., 50῎ (1 min)ῐ15῎/minῐ240῎ (11.3 min); injector temp., 250῎; transfer line temp., 240῎; electron energy, 70 eV (EI mode); mode of acquisition, selected ion monitoring (SIM) and SCAN; scan range, 50῎550 amu; scan speed, 1.5 scans/sec; electron multiplier voltage, 2,800 V for SIM and auto-tuning for SCAN; carrier gas, helium (constant flow mode at 1 mL/min); injection volume, 2 mL (splitless).
In the SIM mode, m/z 149 for 2-BPA and m/z 150 for 2-BPA-13 C (monobromoderivative of AA-1-13 C) were used for the quantification and others were for confirmation.
2-BPA: m/z 149, 151, 108, 106, 70 2-BPA-13 C: m/z 150, 152, 108, 106, 71
Sample preparation
A sample (2.0 g) was weighed into a centrifugal tube (250 mL) and spiked with 20 mL of internal standard solution (100 mg/mL AA-1-13 C solution). Water (40 mL) was added, and the mixture was homogenized for 2 min. After centrifugation of the extract at 2,600 rpm for 10 min, the supernatant was transferred to a graduated cylinder and made up to 40 mL with water. An aliquot of the extract (20 mL, equivalent to 1.0 g of sample) was transferred to a centrifugal tube (50 mL) and washed with 10 mL of hexane twice. If the separation of the hexane and water layers was insu$cient, the solution was centrifuged at 3,000 rpm for 5 min. The pH of the water layer was adjusted to below 1 with 5 mol/L H 2 SO 4 , and 10 g of KBr was added to the solution and dissolved. Then 6 mL of 0.1 mol/L KBrO 3 solution was added, and the whole was mixed thoroughly and allowed to stand for 90 min in a refrigerator at 4῎10῎. The excess bromine in the solution was decomposed by the addition of 1 mol/L sodium thiosulfate until the yellow color disappeared. The solution was extracted with 10 mL of ethyl acetate twice. If the separation of the ethyl acetate and water layers was insu$cient, the solution was centrifuged at 3,000 rpm for 5 min. The extract was dehydrated with anhydrous Na 2 SO 4 and concentrated just to dryness by a rotary evaporator. The residue was dissolved in 2 mL of 10῏ acetone/ hexane (10῏ A/H) and loaded on a Florisil cartridge conditioned with 10 mL of hexane. The vessel of the rotary evaporator was washed with 1 mL of 10῏ A/H twice and each washing was loaded on the Florisil cartridge. The cartridge was washed with 6 mL of 10῏ A/H and then eluted with 15 mL of 20῏ A/H. The eluate was collected in a test tube and concentrated by the centrifugal concentrator. The residual solvent was removed under a nitrogen gas stream. The residue was dissolved in 0.5 mL of acetone, and 20 mL of triethylamine was added to convert 2,3-DBPA to 2-BPA.
Calibration standard
Aliquots of AA standard solutions (equivalent to 0 and 5῎2,000 ng of AA) were taken into 50 mL centrifugal tubes and 10 mL of internal standard solution (100 mg/mL AA-1-13 C) was added to each tube and made up to 20 mL with water. These solutions were treated according to the procedures described in the section "5. Sample preparation", except for the washing step with hexane.
Determination and confirmation
AA was determined by GC/MS(SIM) with the internal standard using the ratio of peak area of 2-BPA to 2-BPA-13 C. Confirmation was done by comparing the mass spectra in SCAN measurement and the relative abundance ratios of the confirmatory ions in SIM measurement with those of standard solution.
Results and Discussion
Conditions of bromination
The conditions of bromination using KBr and KBrO 3 were as reported by Nakamura 9) ; the same conditions have been used in other researchers' reports 1), 4), 10) and in the standard method for the examination of tap water in Japan 12) . In our preliminary study, when the same conditions as in Nakamura's report 9) were used, the bromination yield of AA in water was 92.3ῌ5.2῏ (meanῌSD, n῍3), but the yields from potato chips (n῍ 3) were 5.5, 18.2 and 44.7῏. This low bromination yield of AA and its poor reproducibility in potato chips are probably due to interference by food matrices such as oil, fat, starch and alkenes, which may react with bromine. Therefore it was necessary to examine the conditions of bromination for food samples.
In the examination, the reaction was performed, on a smaller scale compared with the reported method, by using 20 mL of extract in a 50 mL centrifugal tube. The reaction conditions, namely 1) amount of KBr, 2) amount of 0.1 mol/L KBrO 3 , and 3) reaction time, were selected referring to the report by Nakamura 9) . The selected conditions were verified by using water extract of potato chips defatted by washing with hexane before bromination. The e#ect of the amount of KBr on the recovery of AA from 20 mL of the extract spiked with AA was evaluated within the range of 6ῌ10 g. The recovery of AA was nearly constant over the addition range of 8ῌ10 g of KBr. Similarly, the amount of 0.1 mol/L KBrO 3 was examined within the range of 2ῌ6 mL. AA showed approximately constant recovery over the addition range of 4ῌ6 mL of 0.1 mol/L KBrO 3 . The reaction time was examined within the range of 0.5ῌ17 hours. The recovery of AA was maximum at 1 hour, and remained almost constant until 17 hours. Thus, to overcome interference by the food matrices, the following conditions were selected for bromination of 20 mL of the extract; 1) 10 g of KBr (1.7 times as much as reported 9) ), 2) 6 mL of 0.1 mol/L KBrO 3 (3 times as much as reported 9) ), and 3) 90 min of standing in a refrigerator.
Clean-up
As clean-up procedures after bromination, column chromatography with Florisil 1), 8)ῌ10), 12) , silica gel 2)ῌ4) and gel permeation 6) columns have been reported. Florisil was used most frequently, and benzene or ethanol was used as an eluant. Hence, a Florisil cartridge column was selected for the clean-up and the most suitable eluant was examined by loading 1 mg of AA after bromination. 2,3-DBPA was not eluted with 10 mL of 10῏ A/ H, but it was eluted completely with 10 mL of 20῏ A/ H. As a result, taking into account the change among the lots of the cartridge column, the column was washed with 8 mL of 10῏ A/H and then eluted with 15 mL of 20῏ A/H.
Extraction
AA is very soluble in water (2,155 g/L, 30῎ 12) ), so the sample was extracted with water as reported 1), 2), 5)ῌ7) .
Calibration curve and limit of detection
The calibration curve was made by the method described in the section 6 of "Materials and Methods" using AA-1-13 C as an internal standard. The calibration curve was linear between 0 and 8 ng of AA as the amount injected into the GC/MS (0ῌ2.0 as the amount ratio) with a correlation coe$cient (r) of 1.000. Eight blank standard solutions (AA῍0 ng, and AA-1-13 C῍ 1,000 ng) were measured, and the mean value of the peak area ratios of 2-BPA to 2-BPA-13 C and the standard deviation were calculated to obtain the limit of detection (LOD). The LOD was obtained as the mean value of the peak area ratios plus three times the standard deviation. The limit of quantitation (LOQ) was calculated as the mean value plus ten times the standard deviation. The LOD and LOQ were 9 ng/g and 30 ng/g, respectively. Found values between LOD and LOQ are indicated as trace (Tr) in Table 2 .
The purity of AA-1-13 C was 99 atom῏ 13 C and so a blank standard solution (AA῍0 ng) showed a peak at m/z 149 derived from the impurity in AA-1-13 C. This corresponded to 1῏ of the response at m/z 150 of 2-BPA-13 C. Therefore, the LOD was a#ected by the impurity in AA-1-13 C. The LOD may be lowered by the addition of a smaller amount of AA-1-13 C or by the use of AA-13 C 3 instead of AA-1-13 C as an internal standard. However, the obtained value of LOD (9 ng/g) was almost the same as that (10 ng/g) reported by the Swedish NFA 7) and it is su$ciently low for the determination of AA in foods. AA-13 C 3 is not readily available in Japan. With deuterium-labeled AA, there is a possibility of exchange of deuterium and hydrogen during bromination. Therefore, we used AA-1-13 C as the internal standard.
Recovery test and precision of the analysis
Before the recovery test, the method blank was measured by using water as a sample. No peak which interfered with the measurement of AA was observed in the method blank. For the recovery test, AA was added to potato chips, corn snack, pretzel and roasted tea leaves, which are made from di#erent materials (potato, corn, wheat and tea leaves, respectively), at the levels of 100 and 1,000 ng/g for potato chips and 500 ng/g for other samples. These samples were analyzed by the proposed method after addition of the internal standard AA-1-13 C at the level of 1,000 ng/g. Although the recovery of the internal standard could be easily measured by using the syringe spike, confirmation of the recovery of the internal standard with the syringe spike was not executed because an appropriate stable-isotope labeled 2-BPA was not available on the market. On the other hand, good reproducibility of the peak area of 2-BPA-13 C with a relative standard deviation of ῎10῏ was obtained when the calibration curves were made. Moreover, the recovery of the internal standard from water was 92.1ῌ9.0῏ (meanῌSD, n῍7). Therefore, the ratio of the peak area of 2-BPA-13 C in each sample to that in the calibration curve was assumed to be the recovery of the internal standard. Consequently, the recoveries of the internal standard from the samples were 53.3ῌ105.2῏ (74.8ῌ13.7῏, meanῌSD, n῍30).
The results of the recovery test are given in Table 1 , and the SIM chromatograms for unspiked extracts (control) are shown in Fig 1. The mean recoveries were 97ῌ105῏ for those food samples, and the relative standard deviation (RSD) of each recovery was below 4῏. The control samples contained 51ῌ694 ng/g of AA, and the RSDs of the found values were 8῏ even for pretzel, that showed the lowest AA content, and below 3῎ for other samples. These recoveries and RSDs were acceptable and the validity of the proposed method was verified.
Analytical results of commercial food samples
The analytical results of thirty-one commercial food samples are given in Table 2 . Over 1,000 ng/g of AA was found in potato chips, in agreement with findings by Swedish researchers 7) . The detected values of AA in potato chips were wide-ranging (466ῌ3,340 ng/g). The manufacturing processes seem to be di#erent among the various specimens of commercial potato chips.
In foods other than potato chips, AA was found at the levels of ND (not detected) to 520 ng/g. These levels are also in the range of values reported by the Swedish researchers 7) . Since a small number of samples was analyzed for each food except potato chips, the detected values are not representative of each food. Further work is in progress to examine the amount of AA in various foods, especially Japanese foods, and the e#ect of manufacturing processes on AA formation. 
